As a consequence of operational efficiency because of rising energy costs, future transport systems need to be mission-adaptive. Especially in aircraft design the limits of lightweight construction, reduced aerodynamic drag and optimized propulsion are pushed further and further. The first two aspects can be addressed by using a morphing leading edge. Great economic advantages can be expected as a result of gapless surfaces which feature longer areas of laminar flow. Instead of focusing on the kinematics, which are already published in a great number of varieties, this paper emphasizes as major challenge, the qualification of a multi-material layup which meets the compromise of needed stiffness, flexibility and essential functions to match the flight worthiness requirements, such as erosion shielding, impact safety, lighting protection and de-icing. It is the aim to develop an gapless leading edge device and to prepare the path for higher technology readiness levels resulting in an airborne application. During several national and European projects the DLR developed a gapless smart droop nose concept, which functionality was successfully demonstrated using a two-dimensional 5 m in span prototype in low speed (up to 50 m/s) wind tunnel tests. The basic structure is made of commercially available and certified glass-fiber reinforced plastics (GFRP, Hexcel Hexply 913). This paper presents 4-point bending tests to characterize the composite with its integrated functions. The integrity and aging/fatigue issues of different material combinations are analyzed by experiments. It can be demonstrated that only by adding functional layers the mentioned requirements such as erosion-shielding or de-icing can be satisfied. The total thickness of the composite skin increases by more than 100 % when required functions are integrated as additional layers. This fact has a tremendous impact on the maximum strain of the outer surface if it features a complete monolithic build-up. Based on experimental results a numerical model can be set up for further structural optimizaton of the multi-functional laminate.
INTRODUCTION
Energy efficiency is the most driving motivation for research in aviation to keep competitive to other form of transport. Among other disciplines aerodynamics and lightweight design are the main drivers for optimization of modern aircrafts. E. g. the reduction of the aerodynamic drag during cruise has decisive impact on the total energy consumption therefore it features in the clean-configuration almost no lift. In contrast during the start, climb, decent and landing phase the wing of an aircraft must generate lift. Its shape has to change by raising its camber using modern high-lift devices like slats at the leading and fowler flaps at the trailing edge of an aircraft's wing. A great disadvantage of the used systems are gaps and edges between the wing body and the attached slats and flaps which are responsible for the transition of the laminar to the turbulent, drag intensive flow. Future wing concepts have to improve their aerodynamic efficiency by long or complete laminar flow around the wing. This paper focuses on leading-edge devices which are morphing and gapless using flexible materials. Since the beginning of man powered flight various publications deal with kinematics [1] [2] [3] to morph the leading-edge or even the whole airfoil. Up to now there is a great variety of reviews 4-8 published. However, comparatively short chapters are addressing the material selection although this topic is the most challenging one. The latest publications also deal with topology optimization of compliant wing structures. 9 The inner structure is designed as an array of solid joints which can only be realized by using a flexible and stiff material. This paper focuses on characterization and modelling of skin materials. Typically elastomeric skins are used to demonstrate the mechanism. The compliant wing concepts of Kota and Hetrick 10 were the first applicable approaches to investigate a suitable, flexible skin material. They used combinations of aluminum and polymer on the upper surface and the same hybrid with added reinforced elastomeric panels on the lower surface to meet flight requirements for a real in-flight demonstration. Other approaches based on glass or carbon fiber reinforced elastomeric matrices 11, 12 which are suitable materials for remote controlled aircrafts but would failure to transfer aerodynamic loads of commercial wide-body aircrafts. A step towards this application can be seen in composites which are arranged in flexible, corrugated structures with a sinusoidal 13 or omega-like 3 shape. However, these segmented skin concepts were difficult to manufacture, react sensibly on manufacturing imperfections and finally feature no smooth surface. Another approach of Thill 4 were elastomer-coated sandwiches of different types also including auxetic materials. An alternative way was described by Kirn 14 developing a flexible matrix composite. Here woven carbon-or glass-fibers are infiltrated by silicone or thermoplastic elastomers to gain a flexible and stiff composite material. Kirn's approach focused on the design for flexible, cellular tube-like actuators but it was also used for flexible skins of morphing devices 15 and unfolded space deflectors. 16 The patent of a leading-edge with closed, flexible panels and an internal kinematic for tilting the whole leading-edge was developed by the Dornier company 17 in the late seventies (shown in Figure 1 a) ) and points out the idea behind the presented DLR-morphing device.
a)
b) c) Figure 1 . Evolution of the DLR morphing leading-edge concept: a) Drawing of the Dornier patent 17 . b) 3-dimensional FE-shape of leading edge featuring a variable thickness ranging from 1 to 5 mm. c) Realized structure for the first full-scale ground tests.
At the German Aerospace Center (DLR) the Dornier concept was advanced, what means simulated designed and realized, for composites (see Figure 1 b) ). Its flexibility is achieved by a variable thickness distribution 18 which allows an inboard kinematic to lower the leading-edge to an angle of attack of 20
• . The material of the skin is only stressed in bending manner so that is not stretched plastically along the bending line. So, the aim is to keep the wall thickness as small as possible. As basic material monolithic glass fiber reinforced polymer (GFRP, Hexply 913, Hexcel Corporation) is used. It can bear comparative high strain up to 3.3 to 4.2 % 19 and feature acceptable Young's modulus ranging between 55000 and 86610 MPa 20 (regarding the mechanical properties of pure glass fibers) to stand the aerodynamic loads. Heintze 21 reported about the experimental background of material qualification and optimization for the full-scale ground test of a 3-dimensional segment of two meter span (also see Figure 1 This paper focuses on mechanical testing and simulated results simultaneously. The experimental results are underlined by finite element (FE) simulations of fundamental laminate stacking configurations for the interpretation of the material behavior of multi-material layups. The focus is on the mechanical effects of the combination of materials with large variation in stiffness like GFRP, steel foil and elastomers.
EXPERIMENTAL
The experimental chapter is divided into three parts starting with the specimen preparation. The next chapter presents the mechanical testing and test series. The third chapter gives details of the numerical simulations and analytical calculations. The final chapter presents all used formulae.
Specimen preparation
For a successful application of a morphing skin it needs to fulfill various airworthiness requirements e.g. impact protection, abrasion-shielding, lightning protection and the capability for de-icing. Therefore it is not only a challenge to find and characterize a material which combines flexibility and stiffness, also a multi-functional skin has to be developed. In literature several stand-alone solutions for individual tasks such as the integration of an abrasion shielding by using a steel film 22 or integrated de-icing systems 23, 24 using electro-thermal devices are presented. However, there is no literature about the combination of these techniques and their integration into a flexible leading edge system. The understanding of the impact on the materials and its numerical simulation is the focus of this paper. For getting this material multifunctional the DLR favored the manufacturing of a hybrid composite. Considering a linear increasing maximum strain over the skin thickness the aim is to double use materials in order to reduce the skin thickness. Ideally one material with a moderate thickness can feature all necessary functions instead of adding a new material with an individual thickness for every function. That is the reason for the presented approach of integrating an elastomeric layer, which acts like an impact shield, can electrically insulate the electrified inner structure and can include the de-icing system. Moreover, it is compatible to the used glass-fiber based prepreg. In earlier publications the energy absorption, 25 a sufficient interface-adhesion to metal layers 26 and between EPDM and GFRP 21 could already be demonstrated successfully. The layup of the skin starting from the outer side is as follows. A 0.05 mm thick metal film is used as erosionshield (X10CrNi18-8, Stahl Becker GmbH). This erosion layer has to be prepared by a metal primer (Delo Saco Plus, Delo Industrie Klebstoffe GmbH & Co KGaA) and an adhesive film (3M DP490, 3M Deutschlad GmbH) for keeping fixed on the composite. As electrical insulation two layers of glass-fiber prepreg (Hexply 913 GFRPprepreg, Hexcel Corporation) with an individual thickness of 0.125 mm are forming the next layer. At this position a de-icing layer using the electro-thermal effect is added. Here, two different materials are tested: on the one hand a CNT-coated paper (B-Heat Paper, albnano carbon systems) with a thickness of 0.125 mm and on the other hand a 0.25 mm thick carbon fiber mesh is used as resistance heaters. Below the de-icing system a 0.5 mm thick elastomer film (ethylene-propylene-diene-rubber abbreviated EPDM, AA6CFZ, Gummiwerke Kraiburg GmbH & Co. KG) represents the impact-tolerant and thermal insulating layer. The mainly loaded structure is made of eight layers of the already mentioned GFRP-prepreg. The layup features symmetrical orientation of fiber layers: the two outer layers are oriented in 0
• -direction because of the higher strain while the internal four layers are alternately +45
• and -45
• oriented for transferring the shear and to avoid interlaminar failures as result of a prevented transverse strain as it is the case for 90
• layers. Originally the thickness of the critical segment should not exceed 1 mm for having no irreversible, pastical strain of the outer most layers. The here presented layup features an theoretical overall thickness between 1.925 mm and 2.05 mm referring to the used heating system. Furthermore the thickness can be higher due to the electrical connectors and manufacturing-based imperfections. All specimens are manufactured by hand using a 6 bar pressurized two stage (+80
• C and +120
• C) 6 hours curing process recommended by Hexcel and optimized by the DLR. The whole composite is consolidated within one process step. In terms of quality assessment the manufactured composite plates are controlled in thickness and cut into the specimen geometry (width of 15 mm) required by the test standard. The specimen layup refers to the critical position of the layup at the leading-edge. That is the reason why all tests have to be considered as structural tests instead comparative material tests. Furthermore the specimens are aged to simulate service conditions. The aging is carried out within a climatic chamber (VC0020, Vötsch Industrietechnik GmbH) at +70
• C and 85 % relative humiditiy over at least 3 month for sufficient water saturation.
4-point bending set-up
The material orientation and load within the real leading-edge structure is similar to a 4-point bending test (see Figure 3 a) ) according to the German standard of the DIN EN ISO 14125. 27 The omega stringers of the droop-nose structure, six in a row arranged in the circumference of the leading-edge as it can be seen in Figure 1 b) and c), transfer forces via their two flanks respectively into the skin. The 4-point bending test focuses on the maximum strain of the skin and its failure. Although the standard claims a thickness of 2 mm for GFRP the presented tests are carried out using the mentioned hybrid layup. Thus, the found statements are considered to evaluate the critical structure instead of evaluating material properties. The goal of this test is to analyze and compare the bending behavior in order to find a load tolerating layup and to evaluate the change of mechanical properties by combining materials. The test set-up and specimen dimensions are depicted in Figure 3 . The realized set-up with tested specimen is shown in Figure 3 c ).
The configuration of the 4-point test-rig depends on the material class. Thus, GFRP samples with a thickness of 1±0.1 mm are tested and considering the standard fixed L/h-ratio of 22.5 a span length L of 24 mm is required (Figure 3 b) ). The average span length L ′ is L/3 (see Figure 3 c) ). For a better comparison of earlier results the test parameters are kept constant for the samples although they have larger thicknesses. The structural material (GFRP-prepreg) still has a thickness of 1 mm and since in the real structure the stringer geometry will not be adapted according to the skin thickness this structural test will be carried out in the same way. of the mountings r 2 and r 1 are 2 mm respectively. The maximum strain of the outer layers of the specimen is measured by one strain gauge respectively, one on the top and one on the bottom of the sample. Because of the small space between the upper mounting on the top of the specimen a array of a 1/120KY21 (Hottinger Baldwin Messtechnik GmbH) strain gauge is cut into the individual strain gauges. At the bottom the strain gauges are positioned eccentrically because of the tip of the deflection sensor. In contrast specimens manufactured with a heating layer exhibit an increased thickness. For better infiltration of the composite and to avoid a separation as result of a continuous layer of CNT-coated paper it is perforated by holes. As a compromise between homogeneous two-dimensional heating and sufficient interlaminar adhesion two diameters of holes are tested: 4 mm (test-series 1) and 10 mm (test-series 2).
Simulation
For comparison the 4-point bending test is modelled using composite shell elements SHELL181 of the ANSYS element bibliography. The simulation is performed considering geometric non-linear behavior including contact between the bearing and the specimen and the stamp and the specimen. In Figure   Four configurations are tested in simulations for investigation of the effect of the integrated erosion protection metallic foil and the EPDM elastomeric materials. An overview of sample geometries is given in Table 2 . The parameters of the 4-point bending set-up, such as distances of the lower and upper mounting and the used radii are kept constant and can be reprised in Table 1 .
Mathematical formulae
The Young's modulus for 4-point bending E f is calculated by the following formula (1) 27 . The force F and the deflection s are the two input parameters measured by the tensile testing machine. The Young's modulus is calculated between 10% and 50% of the maximum force. The achievable maximum strain ϵ f is calculated according to the following formula (4) 27 .
maximum strain The strain of the strain gauges are calculated by the acquisition-system (MGC+, Hottinger Baldwin Messtechnik GmbH) using the specific k-parameter.
RESULTS AND DISCUSSION
Firstly the 4-point bending tests are simulated to demonstrate the effect of an elastomer layer on the strain on the outer surfaces. Considering these results the 4-point bending tests of the de-icing layups are presented with a focus on the maximum strain and mean Young's modulus as result of different layups and material combinations. Finally the layup ist tested within a small droop-nose demonstrator to show the the accordance between the results of the simulations and experiments. 
Prelimiary Finite element simulations of the 4-point bending tests
Compared to the reference configuration of 2.2 mm pure 0 • GFRP, the application of a 0.2 mm steel foil on top of the basic 2.0 mm laminate results in an altered strain distribution as it can be seen in Figure 5 . Since the stiffness of the metallic foil is much higher than the underlying GFRP the neutral fiber is shifted, the strain distribution becomes asymmetric (compare red boxes and green triangles). The strain in the metallic foil is with 1.3 % small compared to the outer glass fibers of the reference laminate which are stretched for 2.2 %. Taking the maximum strain of the Hexply glass fibers with about 2.1 % into consideration this result is of high importance for material failure. The two samples using an elastomer layer of varying thickness point out a theoretical way to reduce significantly the maximum strain at the outer layers (see orange dots and blue boxes). While the reference configuration features a maximum strain of 2.2 % both outer layers, an elastomer layer of 0.2 mm reduces the strain as result of mechanical decoupling by 50 % down to 1.47 %. A larger EPDM-layer with a thickness of 0.5 mm further reduces the strain to a value of only 0.1 %. These results point out that also skins of larger thicknesses can be bended without causing mechanical damage by being deformed plastically if they are mechanically decoupled.
Results of 4-point bending tests
The bending tests are considered to simulate the bending mode during morphing of the leading-edge. It is necessary to check the elasticity of the material combination in terms of meeting the requirements of 1 % material strain which is necessary to reach the drooped position. These tests are carried out until failure of the specimen to analyze the failure mechanism and the maximum reachable strain. The tests are conducted at room temperature and the results are presented in Table 3 and in Figure 6 .
The results of the Young's modulus, maxium force and maximum strain reveal a clear aging effect of all devices. As mentioned in section 2.1 the aging was conducted for three months at at +70
• C and 85 % relative humiditiy. Among the different heating configurations the carbon fiber based heating device (see Figure 6 green lines) exhibits the comparatively highest mechanical properties which may be a result of a reinforcement of the EPDM by the fibers. Furthermore an effect by water absorption during the aging might be more critical for a continuous layer such as the CNT-paper than for a fiber fabric. Although the CNT-based heating devices are manufactured the same way there are big differences in their mechanical properties (see Figure 6 blue and purple lines). The only difference during manufacturing is the diameter-variation of the perforation which must be the explanation for the decreased properties. Actually the larger diameter is chosen to support a better cross-linking between EPDM and glass fiber and to avoid a separation as result of the CNT-paper. However, the found results reveal the opposite. Maybe the adhesion and composition of the interface between EPDM, gas-fiber prepreg and the intermediate CNT-paper is improved by a higher number of small holes per area instead of fewer but larger holes. Another advantage of the smaller holes can be seen using an infrared camera. Smaller holes reduce the appearance of hot spots which can be observed using the heating-paper with 10 mm holes. The results of the strain gauges should support the approach to reduce the maximum strain of the outer layers by integrating EPDM which was simulated at first. In Figure 7 again four configurations are presented to emphasis the effect of elastomer integration. For better comparison the results of a specimen without an -GFRP without elastomer
elastomeric layer is also shown as yellow line in Figure 7 . As result of the test set-up the GFRP will be stressed by compression while the steel foil is tensile stressed. Interestingly the stress of the steel foil does not change significantly (apart from the CNT-D10 sample, purple dashed line in Figure 7 ). The carbon fiber based device (Figure 7 green lines) exhibits slightly higher strain-rates on both sides. So this configuration does not reduce the maximum strain at the outer layers. However, the strain is distributed equally on both sides so that the GFRP will not be plastically deformed by carrying the majority of the strain. The CNT-paper devices (blue and purple lines in Figure 7 exhibit reduced compression strain values at the upper GFRP-side which might be the result of the softer overall behavior which enables to decouple the stress. The high differences between the strain values on both sides may either be the result of a delamination between the layers along the CNT-paper or an adhesion failure of the strain gauges. Figure 7 . Strain/deflection graphs of the different heating configurations to emphasize the strain distribution on the side of the steel film (tensile stress) compared to the side of the GFRP (compression stress).
Comparison of the experimental and simulated results at the droop nose demonstrator
The application of an elastomeric layer positioned in the center between two GFRP laminates reveals a decreasing strain in the outer fibers of the whole laminate due to de-coupling of the two stiffer GFRP laminates. The larger the elastomeric layer the smaller the strains observed. Corresponding findings are made in the CLEANSKY 1 in which a full 300 mm droop nose section with such a layup was tested statically (see Figure 8 (M2-EPDM) ). For monitoring the strain ten strain gauges (3/120 LY11, Hottinger Baldwin Messtechnik GmbH) were fixed on the circumference of the droop-nose demonstrator. However the integration of the elastomeric layer had no negative influence on the accuracy of the outer surface when actuated.
CONCLUSIONS
The presented paper expands the research of morphing skin materials in terms of combining material for multifunctional structures and simulative prediction of their mechanical behavior. As consequence of requirements two functions, erosion shielding and de-icing ability, are analyzed. The droop-nose concept of a varying thickness distribution is modified by these functions and has to be simulated for avoiding mechanical failure as result of high strain values at the outer layers. The simulation can clearly illustrate the shift of the bending line as result of the stiff steel foil. As solution for this challenge the integration of an elastomeric layer is successfully simulated. From the numerical point of view it can be stated that the larger the elastomeric layer the lower the strain of the outer layers because of decoupling effects. On coupon-level these assumptions are tested at different integrated heating systems. Here elastomeric layers of the suggested size (0.5 mm) are integrated. On the one hand an aging effect of the device can be clearly demonstrated on the other hand the strain is distributed equally. But this effect can also be observed without an elastomeric layer. However, the CNT-paper devices reveal a comparatively higher reduction of the critical strain on the compression side. In a final droop-nose demonstrator the EPDM-integrated skin was tested revealing good agreement with the simulations. Maybe there are effects of the different test set-ups which can be simulated in different accuracy, the decoupling of morphing skins for function integration remains a challenging field.
Further steps have to be performed in terms of testing more samples for an adequate statistical basis. Moreover, samples of the same composition and geometry must be simulated and tested simultaneously for identifying set-up specific parameters which might not be transferred. At least an analytical calculation of the shift of the bending line has to be carried out in terms of easier prediction of the strain reduction as function of the elastomeric layer thickness.
